A large eddy simulation (LES) model was developed to simulate the combustion process in a spark-assisted homogeneous charge compression ignition (SACI) engine. First, an ignition and flame propagation model based on a reaction progress variable is presented. The reaction progress variable is defined based on the normalized cumulative heat release. Transport equation for the progress variable is derived where the source terms due to flame propagation and auto-ignition are modelled. The model is then applied to simulate the SACI combustion process with special focus on the interaction between the flame propagation introduced by the spark and the auto-ignition of the homogeneous charge. The engine simulated is a 0.5 litre experimental HCCI engine, with operation conditions ranging from spark-ignition controlled flame propagation to auto-ignition controlled HCCI combustion. In the first stage of SACI combustion, between the spark-ignition and the onset of HCCI auto-ignition, turbulence field governs the heat release rate and pressure-rise-rate in the cylinder. Increasing turbulence promotes the contribution of SI flame to the overall heat release. The second stage combustion, which is in the HCCI auto-ignition mode, is rather sensitive to the temperature field. The numerical results showed that with low initial temperature the SI flame mode prevails; with high initial temperature the HCCI mode prevails. With moderate initial temperature SI flame and HCCI ignition interact more closely, which results in higher sensitivity to the initial temperature and turbulence conditions. This may be the reason of having high cyclic variation found in the previous experiments.
Introduction
In light of today's public concern on green house gas (CO 2 ) emission and air pollution from combustion of fossil fuels, modern internal combustion engines are developed to have high efficient with low emissions. The benefits and shortfalls of the two major combustion concepts, spark ignition (SI) and compression ignition (CI), have over the past decades led to the development of homogenous charge compression ignition (HCCI) engines that can achieve high efficiency and low emissions of NOx and soot by using high compression ratio and excessive air or exhaust gas recirculation (EGR) in the fuel/air mixtures [1] [2] [3] [4] .
In HCCI engines the combustion phasing is controlled by the auto-ignition of the lean charge. As the ignition delay time is sensitive to temperature of the charge the combustion phasing becomes rather sensitive to the initial flow and intake flow conditions. Furthermore, in HCCI engines the reaction fronts propagate at a velocity typically of an order of magnitude higher than the turbulent flame speed, the combustion duration in HCCI engine can be short if care is not taken to generate a suitable flow and temperature field in the cylinder. This is especially a serious problem when the engine runs at high load, where the pressure-rise-rate can be rather high, resulting in high noise level [5] . A recent review on HCCI combustion can be found in Yao et al. [6] .
One way to control the ignition timing (combustion phasing) in HCCI engines is to ignite the fuel/air mixture with a spark before the onset of auto-ignition [7] [8] [9] [10] . This strategy is known as spark-assisted HCCI (SACI), which may also be viewed as a natural extension of the gasoline SI engine operation in a HCCI mode at low load by trapping hot residual gas (internal EGR) or external EGR. In SACI a flame kernel is first initiated, followed by autoignition of the remaining charge. A successful SACI operation would depend on the success in manipulation of the SI flame/auto-ignition interaction.
Several experimental studies have been conducted to investigate how the engine operation conditions, e.g. spark timing, load and amount of EGR in the mixture [11] , swirl and thereby level of turbulence [12] , fuel stratification by using secondary direct injection [13] , on SACI combustion. Important information has been obtained in these investigations; for example, by using inlet valve deactivation to increase swirl and thus the level of turbulence, the SI flame contribution to the overall heat release is increased and the HCCI auto-ignition process is delayed at high-level EGR conditions [12] . It is fairly well recognized that turbulence can directly interact with the premixed flame propagation initiated by the spark, e.g. by wrinkling the flame fronts; however, the effect of turbulence on HCCI combustion can be rather problem dependent. It is generally accepted that temperature stratification plays an important role in HCCI combustion [14] [15] [16] . With large temperature stratification the combustion duration can be longer and the pressure-rise-rate can be lower for a given combustion phasing. One important role of turbulence played in HCCI engines is by modulating the temperature stratification in the engine cylinder; turbulence can affect the mixing of the intake gas with the residual gas and similarly it can affect the heat transfer between the intake gas and the hot residual gas, and between the cylinder/piston walls and the charge [17, 18] . Under certain conditions, e.g. low intensity turbulence and high temperature stratification [19] , or when the integral scale of turbulence eddies are comparable with the length scales of the hot/cold spots [16] , turbulence can directly interact with the ignition front.
It is evident that the interaction between the SI flame and the HCCI combustion in a SACI engine can be highly nonlinear and under certain EGR level the EGR nonlinear feedback mechanism can lead to oscillatory combustion and cyclic variation [20] . It is yet unclear how the two processes interact each other under different initial mixture and engine operation conditions. The goal of this work is to gain more insights to interaction between the SI flames and the HCCI auto-ignition fronts. A SACI model based on large eddy simulation (LES) approach is presented in this paper; the model is used to simulate an experimental SACI engine [13] where incylinder pressure measurement was reported. The transition region between SI flame and HCCI combustion is simulated.
Description of the SACI LES model
A LES model is developed for SACI combustion. The model is based on a reaction progress variable that is defined based on the normalized cumulative heat release [21] . The SI premixed flame propagation model is based on the flame surface density concept [22] [23] [24] . Spatially filtered Navier-Stokes equations and energy transport equations are coupled with the progress variable equation. Inside the SI premixed flame kernels the combustion products are computed using tabulated flamelet database [25, 26] ; outside the SI flame kernels the species and temperature are computed using an ignition tabulation database based on enthalpy, pressure and the ignition progress variable [19] . The SI flame and the HCCI ignition process interact through the incylinder pressure, temperature, as well as the heat and mass transfer by turbulence between the SI flame kernels and the unburned charge.
The reaction progress variable for SACI combustion First, we introduce a reaction progress variable defined as the following [21, 19] , 
where
h T Y represents the heat release in the combustion process, whereas 0 c = corresponds to the state of unburned and 1 c = corresponds to the end state of combustion that all heat has been released. c can therefore be interpretated as the normalized cumulative heat release. A transport equation for c can be derived from the conservation of mass and equations for the species transport by assuming the Lewis numbers are unity:
where ρ is density; v is velocity vector; D is mass diffusion coefficient. The source term c ω is obtained from models described below. In the LES context the above equation and other transport equations (e.g. for mass, momentum and energy) are spatially filtered, which results in unknown terms in the transport equations; these terms represent the effect of subgrid scale (SGS) on the resolved scale. In the present numerical solver [16, 17, 19] the SGS fluxes in the transport equations for scalars (the specific enthalpy, and the progress variable) are modelled using the Smagorinsky model [27] , whereas the SGS stresses in the momentum equations are modelled using scale-similarity model [28] .
Models for HCCI front propagation For HCCI combustion in a homogeneous composition (but not homogeneous in temperature) field, the source term c ω is obtained from numerical calculations (with detailed chemical kinetic mechanisms) of the ignition process in a homogenous mixture with a given initial enthalpy (or temperature) and pressure. From the numerical simulations the species mass fractions, temperature and the progress variable are tabulated as a function of time. The ignition calculations are performed for a range of initial enthalpy and pressure, based on which the rate of change of c (the source term in Eq.3) can be tabulated as a function of the initial pressure (p), enthalpy and the progress variable itself,
In engine calculations, when c, h, and p are known, temperature of the charge at each grid point can be computed from such auto-ignition tabulation. Thereafter the thermodynamic pressure (incylinder pressure) can be determined from global mass conservation and the equation of state. Local density of the charge is determined from the equation of state. In the LES context, the SGS effect on the source term has to be considered through presumed probability density function (PDF) approach [19] .
Models for SI premixed flame propagation There are several different types of models developed for premixed flame propagation; examples are G-equation based level-set approach [25] , reaction-rate-based progress variable approach [22] [23] [24] , and PDF statistical approaches [29] , etc. These approaches are interconnected as they model the same physical process. In this work, we adopt the rate-based progress variable approach to be consistent with the HCCI ignition model discussed above. This facilitates a consistent and easier implementation of the two models. We adopt the same definition of progress variable c as in Eq.(1). Namely, for the SI premixed flame c is also the normalized cumulative heat release. Thus, transport equation for c is identical to Eq.(3). Different from the HCCI model, the reaction rate for SI premixed flame propagation in the LES context is modeled as follows,
where u ρ is the density of the unburned charge, L s is the laminar burning velocity of the charge, and ∑ is the flame surface density. In [22] a transport equation for ∑ was proposed. There are several unknown closure terms needs to be modeled. In LES when the spatial filter size is small, we may use a simplified model for ∑ as derived below. First, from Eq.(3) it can be shown that
where m is the mass flux burned by the flame; sgs s is the burning velocity on the resolved LES scale. Since ∑ is likely high in the middle of the flame brush and small as at the edge of the flame one can assume that
where A is a proportionality constant to be determined. From Eqs.(5,6,7) it appears that
Thus,
where g is an integral to be discussed further in Eq.(11). In Eq.(9) sgs s was modeled using
Damköhler's turbulent flame speed model, which is valid in the flamelet regime of turbulent premixed flames. u′ is the SGS velocity estimated using Smagorinsky model based on the resolved scale flow strain rate [26] . Naturally, other models can be used if the flames are not in the flamelet regime. From Eqs.(5-9) one has
(1 )(1 )
g can be estimated as follows,
where Δ is the LES filter size. In Eq.(11) the mean gradient of the reaction progress variable has been estimated as 1/αΔ , by assuming that filtered reaction zone has a thickness of αΔ . The model parameter α represents the ratio of the thickness of the filtered reaction zone to the filter size. In this study, the filter size was set to be the grid size, and α was set to 6, which implies that the reaction zone is filtered to within 6 grid cells. This is found to be helpful for the stability of the numerical solver. From Eqs.(10,11),
Once c is computed, we can also use the flamelet library approach to determine local species, temperature and then pressure as well as density [26] . In the current case, the flamelet library is equivalent to the tabulation of the HCCI auto-ignition library.
Coupling of the SI premixed flame model and the HCCI model In SACI engine simulations, the two models can be coupled as follows,
In places where HCCI ignition is important the rate from the HCCI model will be higher than that from the premixed flame propagation. In places where temperature is too low to have auto-ignition, the rate from the HCCI model will be low; the premixed flame will be dominant. In places where it is possible to have both HCCI and premixed flame, the dominant modes would have higher rates. Thus, Eq. (13) is a reasonable model. Alternatively, one can employ two progress variables (and thus two transport equations for the progress variables) to couple the SI flame and HCCI ignition; one progress variable is to track the SI flame propagation, and one for the HCCI ignition process. The coupling is more straightforward: at a given spatial location in the cylinder when the progress variable for the SI flame is higher than that for the HCCI ignition, it implies that the SI flame prevails in the given location. As such one can use the maximum of the two progress variables to determine the thermodynamic variables. This approach is used in the following study.
Engine setup and computational conditions
The engine studied here is an experimental HCCI engine with a displacement volume in a cylinder of 480 cm 3 [13] . The engine ran at 1200 rpm with a compression ratio of 12. The engine has a bore of 81 mm, and a stroke of 93.2 mm. The fuel is ethanol with the equivalence ratio of 0.61, supplied to the cylinder through port-fuel injection, which allows for the fuel and air to mix well in the cylinder. Hot residual gas was trapped in the cylinder by negative valve overlap (NVO) strategy; the mass fraction of the residual gas in the cylinder after the intake valve close is about 0.3. Numerical study of the mixing process showed that there is moderate inhomogeneity in the mixture composition due to the later NVO valve timing. It was found that the ignition process is more sensitive to the temperature stratification than to the composition stratification in the present case. For simplicity, the stratification in the composition is neglected here.
In Table 1 nine different test cases are listed, including three HCCI cases and six SACI cases with different in-cylinder temperature and turbulence conditions. The mean in-cylinder gas temperature, the fluctuations of the temperature, and the level of turbulence at 290 CAD were varied to investigate the sensitivity of the combustion behaviour to these parameters, especially the onset of auto-ignition of the mixture and its interaction with the SI flame propagation under different temperature stratification and turbulence conditions. The initial instantaneous flow and thermodynamic variables at 290 CAD were generated from LES of the intake and compression stroke starting from the intake TDC (0 CAD), where the initial gas (which is the residual gas trapped from the previous cycle) temperature is set to 662 K, based on the engine experimental data [13] . The instantaneous velocity field at 290 CAD is spatially filtered using a Gaussian filter function with a filter size of half the bore; the rms velocity associated with the filtered small-scale flow structures is then volume averaged based on the entire cylinder (denoted in Table 1 as rms u′ ). It represents the level of turbulence in the entire cylinder. From the LES result, rms u′ is 3.1 m/s. In Table 1 , rms T ′ is the rms temperature computed based on the instantaneous and the cylinder volume averaged mean temperature at 290 CAD. The different turbulence and temperature conditions at 290 CAD shown in Table 1 are implemented by scaling the instantaneous velocity and temperature fields. In the SACI cases the spark is modelled as a spherical flame kernel with the diameter of 3.8mm within which the reaction progress variable was set to 1. The spark ignition time in all SACI cases is set at 320 CAD, i.e. 40 CAD before TDC.
The simulations were performed using an inhouse LES code [16, 17, 19] . The code is based on a high order numerical discretization scheme (fourth order central difference/fifth order WENO) on a deforming Cartesian grid to accommodate the piston motion. The code has been validated in several engine configurations with satisfactory results [17, 19] . In the present simulations the grid used is 128x128x128. With 8 processors the simulation took about 24 CPU hours per engine cycle. Figure 1 shows the development of SI flame front (the dark solid line) and the instantaneous temperature field at different crank angles for the SACI-2 case. At 324 CAD, i.e., 4 CAD after the flame kernel was initiated in the middle of the cylinder, the flame kernel is distorted from its initial spherical shape. The size of the kernel is still rather small. The flame kernel is not significantly larger than the resolved turbulence eddies so that the flame surface is not wrinkled. At 332 CAD, i.e. 12 CAD after the start of ignition, the flame kernel has grown larger and the flame surface shows wrinkling. From 332 CAD to 359 CAD the SI premixed flame propagates from the central ignition site to become highly wrinkled large flame. As the premixed flame propagates and the piston moves to its TDC position the incylinder pressure increases due to compression and heat release, which results in an increase in the temperature of the unburned charge outside the flame. At 359 CAD there is no significant auto-ignition kernel seen in the charge in the shown cross section; however, 3 CAD later, at 362 CAD the charge in multiple sites outside the flame kernel become auto-ignited. 2 CAD later, at 364 CAD, most of the charge outside the flame kernel become ignited due to rapid HCCI autoignition. The premixed flame front is seen to propagate to the burned region after 362 CAD, which has no direct physical meaning, but rather it is used to demonstrate the relative speed of ignition front propagation and flame front propagation. The incylinder pressure for case SACI-2 is shown in Fig.2 ; the result is comparable with the experimental result. Also shown in the figure are the results of other SACI cases. These results reveal the effect of temperature field on the SACI combustion process. For case SACI-1 with lower initial temperature of 580K, HCCI auto-ignition is by-passed, yielding a much lower incylinder pressure peak as compared with the result of SACI-2 and the experiments. For SACI-3 the initial mean temperature is identical to SACI-2 but the stratification of temperature in SACI-3 is higher than that in SACI-2. The two cases have identical incylinder pressure (in the figure they overlap each other). This shows that temperature stratification played minor role in the present case, which is due to the fact that in SACI-2 and SACI-3 the HCCI duration is very short, ranging from 359 CAD to 364 CAD, such that the effect of temperature stratification would not lead to significant difference in the ignition delay time in the charge. For SACI-4 and SACI-5 the initial mean temperature was increased and as such the onset of HCCI ignition becomes earlier, the pressure-rise-rate becomes higher, and the contribution from HCCI ignition to the overall heat release becomes higher.
Results and discussions
The effect of SI flame propagation on the overall combustion process can be further examined by comparing the three HCCI cases (shown in Fig.3 ) with the SACI cases (Fig.2) .
HCCI-1 with the same initial condition as SACI-2 has no spark ignition. Figure 3 shows that HCCI-1 failed to ignite. HCCI-2 has the same initial condition as SACI-4. One can see that without the spark ignition, HCCI-2 is ignited later with the peak pressure much lower than the experiment case. HCCI-3 has the same initial condition as SACI-5. Without the SI flame HCCI-3 was shown to auto-ignite at TDC, also much later than case SACI-5. Figure 4 summarizes the effect of initial temperature field on SACI combustion. When the initial temperature is low, e.g. SACI-1, the main contribution to heat release and combustion is from the SI flame propagation. Auto-ignition would not occur with low initial temperature since the heat release rate from SI flame propagation is relative slow, which would not increase the temperature in the charge fast enough before the expansion stroke starts. This situation is somewhat similar to the SI engine operating at low load (in Fig.4 , it corresponds to the SI-regime). When the initial temperature is significantly increased, e.g. SACI-5 and HCCI-3, auto-ignition would occur with or without the SI flame. It can be expected that further increase the initial temperature the contribution to combustion/heat release from SI flame would decrease, and the dependence of the engine performance on the spark ignition would be minor. This is the HCCI-regime in Figure 4 ; it is similar to the situation of gasoline HCCI with high EGR. When the initial temperature is moderately high, e.g. SACI-2, SACI-3, SACI-4, HCCI-1, and HCCI-2, the SI flame and HCCI auto-ignition interact more closely. Removing the spark ignition the engine may change from stable operation to misfire, e.g. HCCI-1/SACI-2; or may change to partially burn, e.g. HCCI-2/SACI-4. This indicates a high sensitivity of the combustion process to the initial temperature field. This situation is similar to gasoline SI engine with moderate EGR, which has shown oscillatory combustion and highlevel cyclic variation [20] . Figure 5 shows the effect of turbulence on the SACI combustion process. In SACI-4 and SACI-6 the initial turbulence rms velocities are different, while other conditions are identical. It is seen that when turbulence velocity is decreased the pressure-rise-rate in the SI flame propagation stage decreases, which leads to a later HCCI auto-ignition. The slower pressure increase is a result of slower SI flame propagation, due to the lower degree of flame front wrinkling. In Fig.6 a summary of the effect of turbulence on SACI combustion is presented. At low initial temperature conditions, since SI flame propagation will prevail, increasing turbulence would enhance the flame wrinkling and flame propagation. Thus the SI-regime would be increased. At high initial temperature conditions, since HCCI mode will be dominant, increasing turbulence would modify the temperature field and as such the ignition front propagation will be affected. However, it is expected that effect of turbulence on the HCCIregime will be less significant than on the SI-regime. Under moderate initial temperature conditions, turbulence would play a significant role. Turbulence would increase the speed of heat release from SI flame propagation, and as such it promotes the onset of HCCI ignition, e.g. SACI-4/SACI-6.
Conclusions
LES of a personal car sized experimental SACI engine is performed to analyze the effect of initial temperature and turbulence fields on the SACI process. SACI combustion can be divided to two stages, one initial SI flame stage followed by the HCCI auto-ignition stage. The second stage is often very fast as indicated by the much rapid pressure-rise-rate as compared with the SI flame propagation stage. A LES SACI model is presented, which is based on the normalized cumulative heat release as a reaction progress variable. The LES results show that the SACI operation window can be rather narrow: with too low initial temperature (for example controlled by inlet temperature) the second stage HCCI combustion can be by-passed, yielding a semi-misfire operation. On the other hand, if the initial temperature is too high the SI flame may not be effective. It is seen that turbulence plays significant role in the first stage SI flame propagation, whereas initial temperature governs the second stage HCCI process.
